Silica-gel supports have some inherent problems caused by the residual silanol groups in them. The influences of the residual silanol groups, so-called silanol effects, have drawn much attention, and numerous probe compounds have been proposed to evaluate the silanol activity on the surface of silicabased ODS (octadecylsilyl) packing materials. 5, 7, [10] [11] [12] [13] [14] [15] [16] Most of the probe compounds are small molecules containing nitrogen atoms, because much interest has been focused on the interaction through the ion-exchange or hydrogen-bonding function to which nitrogen-containing compounds are considered to respond. 10, [17] [18] [19] [20] [21] [22] [23] Claessens et al. 16, 24, 25 examined the relations between various silanol-detecting molecules containing nitrogen atoms, and found a correlation among the results of the tests. They concluded that the silanol activity was influenced by individual factors on the surface of silica-base packing materials, such as deprotonation of the silanol groups, the existence of highly acidic silanol and metal impurities, and that each silanol test evaluated the degree of silanol activity differently.
In contrast to the ion-exchange and hydrogen-bonding function of silanol groups, the coordination function has attracted very little attention. We have reported that the elution behavior of tris(2-methyl-8-quinolinolato)gallium(III) is severely influenced by silanol groups. 26, 27 Trace amounts of silanol groups caused a distortion or disappearance of the RP-HPLC peak of tris(2-methyl-8-quinolinolato)gallium(III). This phenomenon was based on a ligand-exchange reaction between the chelating ligands and the silanol groups. The distorted peaks of the gallium(III) complexes were observed even with some commercially available ODS columns packed with "fully" end-capped ODS materials. The elution behavior of the gallium(III) complex suggests that "fully" end-capped ODS materials are not always end-capped "entirely", and that the complex can provide a highly sensitive probe to evaluate the silanol effect in ODS columns. Herein, we describe a comparison of the complex with some silanol-detecting test reagents with nitrogen atoms, which shows that the complex is a novel and highly sensitive probe for detecting silanol groups.
Experimental

Apparatus
The HPLC system used consisted of a Hitachi L-6000 pump (Tokyo, Japan), a Hitachi L-4200 UV-VIS detector, a Shimadzu RF-535 or RF-10AXL fluorometric detector (Kyoto, Japan), a Rheodyne 7125 loop injector equipped with a 20 mm 3 sample loop, a Shimadzu CTO-10Asvp column oven and a Shimadzu R1231 recorder.
Reagents
2-Methyl-8-quinolinol was obtained from Kanto Chemical (Tokyo, Japan) and recrystallized from methanol. A standard solution (0.01000 mol dm -3 in 0.10 mol dm -3 of nitric acid) of gallium(III) was prepared from the nitrate and standardized by chelate titration with ethylenediaminetetraacatate. Methanol and acetonitrile were purified by distillation. Buffer solutions for four silanol tests that used nitrogen-containing compounds as probes were prepared from sodium dihydrogenphosphate and sodium hydroxide. Distilled and deionized water was further purified using a Millipore Milli-Q system. All other chemicals were of analytical reagent grade.
Mightysil RP-18 GP (endcapped ODS silica gel) and Mightysil RP-18 NC (non-endcapped ODS silica gel) packing materials were kindly donated by Kanto Chemical (Tokyo, Japan). The commercially available ODS columns investigated are listed in Table 1 .
Preparation of silanol-amount controlled column
Mightysil RP-18 GP (endcapped) and Mightysil RP-18 NC (non-endcapped) were mixed in certain ratios (GP/NC = 100/0, 80/20, 60/40, 50/50, 40/60, 20/80, 0/100). The mixture was packed by the slurry method into a stainless-steel column (4.6 mm i.d. × 150 mm, Senshu Scientific, Tokyo, Japan). The packed columns (following silanol-controlled columns) were used for the silanol tests described below.
Preparation of complex solutions
After a standard solution containing 1.0 × 10 -4 mol dm -3 of gallium(III) was placed in a 20 cm 3 volumetric flask, then 1.0 cm 3 of a 5.0 × 10 -2 mol dm -3 2-methyl-8-quinolinol solution, 1.0 cm 3 of a 1.0 mol dm -3 tris(hydroxymethyl)aminomethane buffer (pH 8.0) and 10 cm 3 of methanol were added. After the solution was diluted to the mark with water, a 20 mm 3 aliquot of the solution was injected into the HPLC system.
HPLC conditions
The eluent used was methanol-water (76:24 w/w) containing 6.0 × 10 -4 mol kg -1 2-methyl-8-quinolinol and 2.4 × 10 -2 mol kg -1 hexamethylenetetramine (pH 6.0). The temperature of the column oven was kept at 40˚C and the flow rate was set at 0.8 cm 
Silanol test
The silanol tests using nitrogen-containing molecules as the probe are summarized in Table 2 . Other conditions for the silanol tests were as follows: flow rate, 1.0 cm 3 min -1
; detection wavelength, 254 nm; and column oven temperature, 40˚C.
Results and Discussion
Control of the silanol amount in a column
We prepared silanol-amount control columns that contained a mixture of fully endcapped ODS material (Mightysil RP-18GP) and non-endcapped ODS material (Mightysil RP-18NC). Mixing both materials is an effective way to precisely control the quantity of silanol groups on the surface of silica gel. Precise control of mixing could be achieved by weighing an appropriate mass of both ODS materials and packed into empty columns. Table 3 summarizes the characteristics of Mightysil RP-18GP and Mightysil RP-18NC. The concentration of the surface silanol groups of the fully hydroxylated bare surface of silica gel has been reported to be ca. 8 µ mol/m 2 . 1 Using this value, the carbon contents and the relative surface area as listed in Table 3 . We have estimated the concentrations of residual silanol groups of Mightysil RP-18 GP and Mightysil RP-18 NC to be 4.0 µmol/m 2 and 4.2 µmol/m 2 , respectively. Since it was reported that an upper limitation of efficiency of end-capping treatment was found to be ca. 50% of the total silanol groups on bare silica gel due to a steric hindrance of the trymethlsilyl group, the estimated silanol concentrations seem to be consistent with those given in a previous report. 1 Although the difference, 0.2 µmol/m 2 , between silanol contents estimated to be small, a sufficient end-capping treatment was performed for saturation of the silica surface. The end-capped treatment with trimethylsilyl compounds can effectively deactivate more active silanol groups preferentially, although a treatment with trimethylsilyl compounds slightly contributes to the carbon content of ODS materials.
A silanol-controlled column may not be uniform on the micro scale i.e., the silanol groups may be localized on the surface of RP-18 NC. We examined the peak profiles of the gallium(III) complex with an ODS (Mightysil RP-18GP) column that had been treated with a 0.10 mol dm -3 monochloroacetic acid solution prior to separation of the complex.
The monochloroacetic acid solution could eliminate the ODS groups and trimethylsilyl groups uniformly, resulting in producing silanol groups on the surface of the ODS packing. ODS columns treated with a monochloroacetic acid solution gave similar results to those obtained with the silanol-amount control columns. The results support the validation that the silanol activity can be examined with silanol-controlled columns.
Detection of gallium(III) complex
Among metal ions, such as cadmium(II), cobalt(II), copper(II), gallium(III), indium(III), iron(II),(III), lead(II), manganese(II), nickel(II) palladium(II) and zinc(II), only gallium(III) and iron(III) complexes of 2-methyl-8-quinolinol have a potential to respond to silanol groups on the surface of silica packing. In previous studies we reported 26, 27 that the divalent metal complexes of 2-methyl-8-quinolinol did not respond to the silanol groups on the surface of ODS silica gel. It is well-known that aluminum(III) ion does not react with 2-methyl-8-quinolinol in aqueous media. 28 Our investigation concerning the iron(III) complex as another silanol-detecting probe will be reported elsewhere.
Since a gallium(III) complex of 2-methyl-8-quinolinol is highly fluorescent, the fluorescent method can be used for the sensitive detection of the complex. Additionally, fluorescent detection enabled us to detect the gallium(III) complex selectively, because transitional-metal complexes of 2-methyl-8-quinolinol are non-fluorescent. Furthermore, fluorescent detection allows us to add 2-methyl-8-quinolinol to an eluent, which is effective to prevent the dissociation of the gallium(III) complex in the HPLC column. Usually, the addition of a ligand interferes with the spectrophotometric detection of metal complexes. However, since 2-methyl-8-quinolinol is nonfluorescent, the addition of it into the eluent does not interfere with the fluorometric detection of the complex. 2-Methyl-8-quinolinol in the stationary phase can be eliminated by rinsing with methanol and a diluted acetic acid solution. Figure 1 shows chromatograms of the gallium(III) complex with silanol-controlled columns, in which the ratio of the endcapped ODS material (Mightysil RP-18GP) and nonendcapped ODS material (Mightysil RP-18NC) varied. The peak height of the complex decreased markedly as the content of the non-endcapped ODS material increased, as shown in Fig.  1 , while the retention time did not change. The variations of the peak parameters of the complex are summarized in Table 4 , where we used an asymmetry factor measured at 50% of the peak height instead of the value at 5% or 10% so as to avoid any interference of the baseline fluctuation. Actually, it is quite difficult to measure an asymmetry factor at 5% or 10% of a broadened peak of the complex. Mostly the peaks of the complex not accompanying severe tailing gave similar asymmetry factors at 50% of the peak height to those at 5% or 10% of the peak height.
Alteration of peak parameters of a gallium(III) complex
Among the peak parameters examined, the peak height and the peak area were highly responsive to the mixing ratio of the ODS materials. Generally, the peak area is more reliable than a peak height in HPLC detection. It was, however, difficult to determine accurate peak areas of the distorted or broadened peaks obtained with the columns containing more than 50% of the non-endcapped ODS materials. On the other hand, the peak height was easily measured and was found to be reproducible in this HPLC system. Although using the peak height as the output might cause some problems in detection, standardization with suitable reference material, such as tris(8-quinolinolato)gallium(III), would be able to avoid them.
The above response of the gallium(III) complex to silanol groups seems to be ascribable to the strong interaction between the silanol groups and the comlpex. A partial amount of the complex might firmly interact with the silanol groups, resulting in severe interference in the desorption of the complex. Figure  2 shows the peak area of the complex passing through the 1101 ANALYTICAL SCIENCES SEPTEMBER 2005, VOL. 21 ; column temperature, 40˚C.
columns of various non-endcapped ODS contents. Generally, a peak area of a solute is directly in proportion to the concentration of the solute, while a peak height is not. Though the peak area of tris(8-quinolinolato)gallium(III) as a reference material is independent from the content of silanol groups, the peak area of the complex decreases linearly with the content of non-endcapped ODS, indicating that there is a definite interaction between the complex and the silanol groups in the column.
The interaction between the gallium(III) complex and silanol groups is also supported by the spectrophotometric results. Figure 3 depicts the spectra change of the complex solution, into which silica gel of column-chromatography grade was added. As the amount of silica gel increases, the spectra changes from the spectra of the complex with the absorption maximum at 360 nm, to that of 2-methyl-8-quinolinol with the absorption maximum at 300 nm, the isobestic point being observed at ca. 325 nm. These results indicate that the complex releases 2-methyl-8-quinolinol with the addition of silica gel, according to the following equation:
Here, Q represents 2-methyl-8-quinolinolate.
Comparison of silanol tests using nitrogen-containing compounds
As described above, many silanol-detecting probes based on nitrogen-containing compounds have been proposed. 10, [17] [18] [19] [20] [21] [22] Here, we compared the peak parameters of the gallium(III) complex of the present work with the silanol activities of E, 17, 18 G, 20 ; silica gel, 80 -100 mesh (column chromatography grade). Fig. 4 Effect of the content of non-endcapped ODS silica gel for outputs of the silanol tests using nitrogen-containing molecules. A, E test; S, G test; F, W test; a, T1 test; G, T2 test. The experimental conditions are given in Table 2 . Figure 4 shows the results of silanol tests with the silanolamount-controlled columns. A large fluctuation in the output of the E test is due to the sharpness of the peak of p-ethylaniline used as the probe, which magnifies the error in measuring the peak asymmetry. On the other hand, G and W tests are not sensitive to the silanol content. Thus, only T1 and T2 tests are comparable to the present method in sensitivity to the silanol content. The outputs of T1 and T2 tests obtained with column containing 100% of non end-capped ODS silica gel did not exceed twice those of the T1 and T2 tests obtained with the column containing 100% of the end-capped ODS silica gel, as shown in Fig. 4 . On the contrary, the variations in the peak height and peak area of the gallium(III) complex were drastic from a 100% of a non end-capped ODS silica gel column to 100% of an end-capped ODS silica gel column, as can be seen in Table 4 . These results indicate the high sensitivity of the complex as a silanol-detecting probe. Figure 5 depicts plots of the peak height and peak area of the gallium(III) complex vs. the outputs of the T1 and T2 tests. The good correlation seen in Fig. 5 clearly indicates that the complex can be an alternative silanol probe. This means that the number of silanol groups can be measured by their coordination ability as well as their ion-exchange and hydrogenbonding ability. The range of the variation in the peak height of the complex, i.e. the x axis in Fig. 5 , is much wider than the that of T1 and T2, i.e. the y axis, in Fig. 5 , due to the high sensitivity of the complex.
Application to commercially available ODS columns
The applicability of the gallium(III) complex as a silanoldetecting probe was checked with commercially available ODS columns. Table 5 summarizes the outputs of the silanol tests using the nitrogen-containing compounds and the peak parameters of the complex in the commercially available ODS columns. The peak height of the complex was also superior to the other parameters to represent the peak profile of the gallium(III) complex. Accurate peak areas could not be estimated with most of the commercial columns, except for columns No. 2 and No. 4 due to the peak broadening.
Column No. 2 was of the same brand as column No. 1, but it had already been used for other purposes several times. All other columns listed in Table 1 were brandnew. Some typical chromatograms of the gallium(III) complex are shown in Fig. 6 . Quite different peak profiles of the complex were observed with the individual ODS columns. The elution of the complex in column No. 6 could not be distinguished from the baseline. Columns No. 7, No. 8, and No. 9 showed a similar behavior as column No. 6. These extremely broadened peaks indicate that the gallium(III) ions are strongly trapped by the residual silanol group on the surface of the ODS silica gel. The trapped gallium(III) ions could be easily eliminated by rinsing with a diluted acetic acid solution.
The remarkable difference in the peak shapes of the 1103 ANALYTICAL SCIENCES SEPTEMBER 2005, VOL. 21 gallium(III) complex indicates that the complex can distinguish trace amounts of residual silanol groups in the brand-new ODS columns. This suggests that the commercially available ODS columns were "fully end-capped" only in terms of the silanol tests using the nitrogen-containing compounds. Column No. 9 gave quite irregular results, suggesting that its surface conditions were very different from the others.
The degeneration of the same column could be evaluated by comparing the peak height of the gallium(III) complex with that between column No. 1, which was a new one, and column No. 2, which was a used one. While the peak height obtained with No. 2 column was one-fourth that of the one obtained with column No. 1, none of the silanol tests listed in Table 3 gave a significant difference. This suggests that the complex can also detect trace amounts of the silanol groups produced during the use of the columns.
Conclusion
The peak profiles, such as the peak height and the peak area, of tris(2-methyl-8-quinolinolato)gallium(III) responded to the amount of the silanol groups on the surface of the ODS silica material, quite sensitively. The response of the peak height and the peak area of the gallium(III) complex showed good correlations with the outputs of the silanol tests using nitrogencontaining molecules. The response of the chelate method was much more sensitive than the latter. The response of the complex was based on the ligand-exchange interaction between the complex and the silanol group. This work highlighted, for the first time, the coordination ability of the silanol group for probing trace amounts of silanol groups on the surface of ODS silica packing.
